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Abstract: The presence of active noise generated by motile bacteria results in the violation of 
Boltzmann distribution. Therefore, non-equilibrium relations become invalid active baths. Yet 
these relations can be recovered by introducing effective potentials.  
OCIS codes: (000.6850) Thermodynamics; (140.7010) Laser trapping 
 
Most natural and engineered processes, such as biomolecular reactions, protein folding, and population dynamics, 
occur far from equilibrium and, therefore, cannot be treated within the framework of classical equilibrium 
thermodynamics [1]. Here, we experimentally study how some fundamental thermodynamic quantities and relations 
are affected by the presence of the non-equilibrium fluctuations associated with an active bath [2]. We show, in 
particular, that, as the confinement of the particle increases, the stationary probability distribution of a Brownian 
particle confined within a harmonic potential becomes non-Boltzmann, featuring a transition from a Gaussian 
distribution to a heavy-tailed distribution. Because of this, non-equilibrium relations (e.g. Jarzynski equality [3], 
Crooks fluctuation theorem [4]) cannot be applied. We show that these relations can be restored by using the 
effective potential associated with the stationary probability distribution. We corroborate our experimental findings 
with theoretical arguments[5]. 
 
 
Non-Boltzmann statistics in an active bath. a. The experimental probability distribution of the position of a 
particle (symbols) held in a harmonic potential in a thermal bath is Gaussian (line, corresponding to the theoretical 
prediction for a particle held in a harmonic potential. This corresponds to the Boltzmann statistics associated with 
the harmonic potential. b. However, the experimental position distribution (symbols) in an active bath deviates from 
a Gaussian (best fit represented by the line) and features heavy tails. This is a signature that the statistics in the 
active bath are non-Boltzmann and that the behavior of a particle in an active bath is qualitatively different from that 
in a thermal bath, i.e. it cannot correspond to a different (higher) effective temperature. The data are obtained from 
200000 position measurements 
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In conclusion, we have shown that in an active bath, when a system is confined within a potential whose length scale 
is comparable or smaller than the characteristic length scale associated with the active noise, non-Boltzmann 
statistics emerge. The introduction of an effective temperature is not sufficient to provide a framework within which 
to describe such systems. Such framework can be instead provided by the use of an effective potential related to the 
system stationary distribution. This effective potential plays the same role as the mechanical potential; in particular, 
the stochastic work and heat can be obtained from it, and such quantities turn out to satisfy the same fluctuation 
relations as the corresponding quantities in the passive bath case. We have exemplified these results with a series of 
experiments using an optically trapped particle in an active (bacterial) bath. Since active matter plays a central role 
in many systems, including very importantly living systems, our findings pose some significant limitations to the 
possibility of applying non-equilibrium fluctuation relations in their classical formulation to study this broad and 
valuable class of systems, pointing to the need for alternative approaches that explicitly model the presence of non-
thermal fluctuations. 
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